Venus: Volcanism and Rift Formation in Beta Regio
Abstract. A new high-resolution radar image of Beta Regio, a Venus highland area, confirms the presence of a major tectonic rift system and associated volcanic activity. The lack of identifiable impact craters, together with the apparent superposition of the Theia Mons volcanic structure on the rift system, suggest that at least some of the volcanic activity occurred in relatively recent geologic time. The presence of topographically similar highland areas elsewhere on Venus (Aphrodite Terra, Dali Chasma, and Diana Chasma) suggests that rifting and volcanism are significant processes on Venus.
Among the terrestrial planets and satellites, Venus is the most like the earth in size and density and may provide important clues to planetary thermal and tectonic evolution (1, 2). The nature of the geologic processes that form and modify the surface of Venus are poorly known, however. The atmosphere of Venus precludes observations of the surface at visible wavelengths from orbit. Radar observations, however, have provided information about the general topography (3, 4) and more detailed images of parts of the surface (5-7). This information has revealed the presence of highland regions on Venus rising more than 1.5 km above mean planetary radius and comprising about 8 percent of the surface of the planet (4). Establishing the nature and origin of these highland regions is critical to deciphering the geologic history of the planet and to understanding the mechanisms of lithospheric heat transfer (2). We describe new highresolution radar images of the Beta Regio highlands of Venus that show details of volcanic and tectonic features and provide insight into the formation of highlands on Venus.
Beta Regio is an oval-shaped highland region centered near 25?N latitude and 280? longitude. It extends for about 2500 km in a north-south direction and is approximately 2000 km wide, rising as high as 5 km above median radius (Fig.  1, a and b) . Early radar observations of Venus from the earth (6, 8) revealed the presence of two radar-bright features in this region that were designated Beta (now called Theia) and Delta (now Rhea). Subsequent data revealed more details of these features (5, 9, 10) and provided topographic information, leading Saunders and Malin (11) to characterize Theia as an elevated, high-reflectivity region approximately 700 km across, with a summit region rising 10 km above its surroundings. In the center of the summit there was a low-reflectivity region, 60 to 90 km in diameter. Saunders and Malin interpreted Theia and Rhea to be large volcanic constructs similar to those of the Tharsis region of Mars. Additional images made from the earth Among the terrestrial planets and satellites, Venus is the most like the earth in size and density and may provide important clues to planetary thermal and tectonic evolution (1, 2). The nature of the geologic processes that form and modify the surface of Venus are poorly known, however. The atmosphere of Venus precludes observations of the surface at visible wavelengths from orbit. Radar observations, however, have provided information about the general topography (3, 4) and more detailed images of parts of the surface (5-7). This information has revealed the presence of highland regions on Venus rising more than 1.5 km above mean planetary radius and comprising about 8 percent of the surface of the planet (4). Establishing the nature and origin of these highland regions is critical to deciphering the geologic history of the planet and to understanding the mechanisms of lithospheric heat transfer (2). We describe new highresolution radar images of the Beta Regio highlands of Venus that show details of volcanic and tectonic features and provide insight into the formation of highlands on Venus.
Beta Regio is an oval-shaped highland region centered near 25?N latitude and 280? longitude. It extends for about 2500 km in a north-south direction and is approximately 2000 km wide, rising as high as 5 km above median radius (Fig.  1, a and b) . Early radar observations of Venus from the earth (6, 8) revealed the presence of two radar-bright features in this region that were designated Beta (now called Theia) and Delta (now Rhea). Subsequent data revealed more details of these features (5, 9, 10) and provided topographic information, leading Saunders and Malin (11) to characterize Theia as an elevated, high-reflectivity region approximately 700 km across, with a summit region rising 10 km above its surroundings. In the center of the summit there was a low-reflectivity region, 60 to 90 km in diameter. Saunders (Fig. 1, a and b) 11, 14) . The topography and radar image (Fig.  1, a to c) reveals much about the details of the chasma (a central depression) rift system. At the northern end of the image, the rift is approximately 350 km wide and appears to be diverging toward the north into two segments (Fig. lb,  profile A-A') . Over the next 400 to 500 km to the south, the rift zone narrows to 100 to 200 km, and faulting is concentrated in a central depression between Rhea Mons on the western rim and a radarbright structure on the eastern rim ( Between profile F and Theia Mons, a distance of 500 to 700 km, the topography of the chasma becomes complex. The rift structure (profile G) is wide (250 km) relative to the topographic depression to the north and the depression has a different orientation and appears to be offset slightly toward the east. The change in orientation of the depression (trending more northeasterly) is accompanied by a similar change in orientation of the strike of many of the faults ( Figure  1, a to c) .
Between profile G and Theia Mons (profiles H and I), two additional depressions are encountered and the rift structure widens to at least 300 km. In the vicinity of Theia Mons, the bright lines are strikingly less abundant, the chasmal topography is obscured, and the positive topography of Theia Mons dominates, suggesting that Theia Mons may be superposed on the chasm and relatively undisturbed by faulting. South of Theia Mons, the rift structure appears to diverge with the eastern arm becoming the prominent Devana Chasma and the western arm extending into the surrounding lowlands. Although there is a wide variation in brightness throughout the chasma region of central Beta (Fig. la) , nonethe-less several of the deep depressions are characterized by relatively low radar brightness.
Support for a volcanic origin for Theia Mons (11, 14) comes from its apparent superposition on the western bounding fault of the rift, the extremely close correlation of topography and the major brightness variation, and lobate flowlike features extending radially away from the central area for several hundred kilometers in a downslope direction (Fig.  ld) . Theia Mons rises over 5 km above the datum and 1.5 to 2.5 km above the surrounding crest of Beta Regio (compare profiles G and J, Fig. lb) . A circular area of high radar backscatter and approximately 350 km in diameter is situated directly on the topographic high. A smaller and irregular region of low backscatter, 60 to 90 km in diameter is located approximately at the center of the bright area (Fig. 1, a and d) . These two features are centered on the extension of the western edge of the rift system (Fig.  1) , suggesting a correlation of the location of a prominent volcanic center and a major fault. The dark feature could be relatively smooth volcanic deposits, perhaps lava flows related to a central caldera region, as is common on terrestrial volcanoes. The bright spot represents a relatively rougher surface (combined with enhanced dielectric constant) and this region is interpreted as lava flows, which are responsible for the primary buildup of the volcano. The edge of this area is somewhat diffuse over an additional radial distance of 25 to 50 km. Toward the west and northwest this diffuseness merges into a series of lobate flowlike features extending for an additional 400 to 500 km (Fig. ld) . Although of very low contrast, these flowlike features are 25 to 75 km wide and trend generally downslope. They may represent sets of flows emanating from Theia Mons or additional vents along the rift. At the present resolution, establishing their nature and point of origin is difficult. Theia Mons interrupts the topography and structure of the rift system (Fig.  1, a to d) , strongly suggesting that it is superposed on the rift structure and is therefore younger. Several bright and dark bands extend into the central part of Theia (Fig. lc) and are parallel to the general trend of the trough, suggesting that some faulting may have occurred during or after the formation of Theia Mons.
The correlation of topography and variations in brightness on Theia Mons and the evidence suggesting that it represents a major shield volcano prompt the examination of other areas with similar 12 OCTOBER 1984 characteristics. Figure Id shows the location of several other areas with bright regions of various shapes and central dark spots that are often related to an elevated area. The most prominent of these, Rhea Mons, is located along the western edge of the rift system, rises 0.5 to 1.0 km above the surrounding terrain, but has a sharp boundary along its eastern margin, adjacent to one of the deeper portions of the rift (Fig. 1, a to d) . Similarities to Theia Mons suggest a volcanic origin; however, the feature appears to be more extensively modified by rift faulting (Fig. lc) . The large number of these features and their relation to the rift valley suggest that extensive volcanism has accompanied rift formation in Beta Regio and that a significant portion of the rim topography of the rift may be locally due to the construction of volcanic edifices.
The topography of Beta and Phoebe Regio shows many similarities to continental rift systems on the earth (14, 15). Fig. 1, b and c) stratospheric chlorine (9) and NO2 (10) . In July through October 1982, we observed the infrared transmission spectrum of the stratosphere near the northern edge of the cloud of debris from El Chich6n. We flew a high-resolution Fourier-transform spectrometer aboard the National Center for Atmospheric Research Sabreliner jet aircraft to measure the spectrum of sunlight that has passed through the upper atmosphere. Analysis of the absorption spectra allows quantitative determination of the total amount of numerous trace species in the atmosphere above the aircraft. Spectra were recorded from 2.5 to 13 uum with an apodized spectral resolution of 0.06 cm-'. The instrumentation and technique are discussed in detail elsewhere Individual spectra were recorded in 6 seconds; spectra were averaged in groups of five or ten to improve the signal-to-noise ratio before analysis. A small portion of one of the averaged spectra is shown in Fig. 2b ; a similar spectrum recorded in 1978, before the El Chich6n eruptions, is shown in Fig. 2a . The small differences in the spectra are attributable to noise and to a slow wandering of the background level caused by aircraft vibration. The difference in absorption in the HCI line between the two spectra is dramatic. We analyzed the spectra for HCI by comparing the observed spectra with synthetic spectra calculated from the line parameters in the Air Force Geophysics Laboratory compilations (13), using the Ri and R2 lines of the H35CI fundamental band. Other species used in the synthetic spectra include water vapor, 03, and CH4; sulfur gases such as SO2, which might be enhanced in the cloud, do not absorb in this spectral region. The depth of the line in the observed spectrum was compared with the depth of the same line in the calculated spectrum for various amounts of HCI in the calculation. The greatest uncertainty is in the subjective determistratospheric chlorine (9) and NO2 (10) .
The more detailed view of the chasma revealed by this image strengthens and extends this comparison and interpretation. Similarities include (i) association of a major rift system with the crest of a broad topographic high (16); (ii) a strong correlation of a central depression (a chasma) and bright linear features interpreted to be faults (
In July through October 1982, we observed the infrared transmission spectrum of the stratosphere near the northern edge of the cloud of debris from El Chich6n. We flew a high-resolution Fourier-transform spectrometer aboard the National Center for Atmospheric Research Sabreliner jet aircraft to measure the spectrum of sunlight that has passed through the upper atmosphere. Analysis of the absorption spectra allows quantitative determination of the total amount of numerous trace species in the atmosphere above the aircraft. Spectra were recorded from 2.5 to 13 uum with an apodized spectral resolution of 0.06 cm-'. The instrumentation and technique are discussed in detail elsewhere Individual spectra were recorded in 6 seconds; spectra were averaged in groups of five or ten to improve the signal-to-noise ratio before analysis. A small portion of one of the averaged spectra is shown in Fig. 2b ; a similar spectrum recorded in 1978, before the El Chich6n eruptions, is shown in Fig. 2a . The small differences in the spectra are attributable to noise and to a slow wandering of the background level caused by aircraft vibration. The difference in absorption in the HCI line between the two spectra is dramatic. We analyzed the spectra for HCI by comparing the observed spectra with synthetic spectra calculated from the line parameters in the Air Force Geophysics Laboratory compilations (13), using the Ri and R2 lines of the H35CI fundamental band. Other species used in the synthetic spectra include water vapor, 03, and CH4; sulfur gases such as SO2, which might be enhanced in the cloud, do not absorb in this spectral region. The depth of the line in the observed spectrum was compared with the depth of the same line in the calculated spectrum for various amounts of HCI in the calculation. The greatest uncertainty is in the subjective determination of the background level from which to measure the depth. The analysis procedure and the line parameters used were the same as in our earlier work ( 
